Hf isotope data for zircons and whole-rocks from lower crustal mafic granulite and pyroxenite xenoliths from NW Russia are presented together with the results of U-Pb zircon dating, Sm-Nd and Rb-Sr isotopic compositions of bulk-rocks and minerals, and trace element compositions of minerals. Most zircons preserve a record of only the youngest metamorphic events, but a few Grtgranulite xenoliths retain Archean magmatic zircons from their protolith. Metamorphic zircons have highly variable eHf(t) values from -25 to -4. The least radiogenic zircons were formed by recrystallization of primary magmatic Archean zircons. Zircons with the most radiogenic eHf grew before garnet or were contemporaneous with its formation. Zircons with eHf(t) from -15 to -9 formed by various mechanisms, including recrystallization of pre-existing metamorphic zircons, subsolidus growth in the presence of garnet and exsolution from rutile. They inherited their Hf isotopic composition from clinopyroxene, pargasite, rutile and earlier-formed zircon that had equilibrated with garnet. Subsolidus zircons were formed in response to a major change in mineral association (i.e. garnet-and zircon-producing reactions including partial melting). Recrystallized zircons date the onset of high-temperature conditions without a major change in mineral association. Age data for metamorphic zircons fall into five groups: >1Á91 Ga, 1Á81-1Á86 Ga, 1Á74-1Á77 Ga, 1Á64-1Á67 Ga and <1Á6 Ga. Most ages correlate with metamorphic events in the regional upper crust superimposed onto rocks of the Belomorian belt during formation of the Lapland Granulite Belt. Zircon formation and resetting at 1Á64-1Á67 Ga significantly postdates Lapland-Kola orogenic events and may relate to the onset of Mesoproterozoic rifting. The youngest ages (1Á6-1Á3 Ga) correspond to an event that affected only a few grains in some samples and can be explained by interaction with a localized fluid. The observed garnet-granulite associations were formed at 1Á83 Ga in Arkhangelsk xenoliths and 1Á74-1Á76 Ga in most Kola xenoliths. By the end of the Lapland-Kola orogeny, the rocks were already assembled in the lower crust. However, no addition of juvenile material has been detected and preservation of pre-Lapland-Kola metamorphic zircon indicates that some xenoliths represent an older lower crust. Granulites, pyroxenites and Phl-rich rocks have a common metamorphic history since at least c. 1Á75 Ga. At about 1Á64 Ga metasomatic introduction of phlogopite took place; however, this was only one of several phlogopite-forming events in the lower crust.
INTRODUCTION
Understanding the metamorphic history of the lower continental crust is important in order to evaluate the age of assembly of rocks of possible different origins, and to establish whether there was a single event of lower crust formation or several periods. Dating of lower crustal rocks also helps to determine the timing of compositional changes in the lower crust such as depletion caused by partial melting or re-enrichment related to metasomatism. However, mineral associations in lower crustal xenoliths from beneath Precambrian areas are usually well-equilibrated and/or have experienced slow cooling, and so rarely preserve evidence of earlier metamorphic events. In the absence of other data, information obtained from zircon is the most important tool to investigate the geological history of lower crustal xenoliths and to place constraints on the age and origin of their protoliths. A combination of zircon morphology, composition, geochronology and Hf isotopic composition can shed light on these issues. Because Hf is a major constituent of zircon, Hf isotope ratios of dated zones in zircons can also yield information about the lower crust and the events recorded within it.
Lower crustal xenoliths in Devonian alkaline dikes and pipes of the Kola Peninsula and the Arkhangelsk kimberlite province of NW Russia are fragments derived from beneath the late Archean Belomorian Mobile Belt. They have been previously studied for their mineralogy, petrology and Nd-Sr isotopic composition (Vetrin & Kalinkin, 1992; Kempton et al., 1995 Kempton et al., , 2001 Markwick & Downes, 2000; Koreshkova et al., 2001 ) and U-Pb zircon ages (Downes et al., 2002; Vetrin et al., 2009; Koreshkova et al., 2014) . These data pose several important questions: the reason for the spread of Proterozoic concordant U-Pb zircon ages, the significance and geological meaning of ages younger than 1Á75 Ga (the age of the youngest events in the regional upper crust), and the origin of Archean zircons.
This study combines data on the texture, composition, mineral relationships and Hf isotopic composition of zircons from lower crustal xenoliths from the Kola Peninsula and Arkhangelsk, to determine the source and mechanisms of zircon formation. Interpretation of age and Hf isotope data allows reconstruction of the timing of metamorphic events in the lower crust beneath the Belomorian Mobile Belt.
GEOLOGICAL BACKGROUND AND PREVIOUS GEOCHRONOLOGICAL STUDIES
Samples from the Kola Peninsula were collected from olivine melilitite dikes and a diatreme on the Elovy and Salny islands in the White Sea, near Kandalaksha, which are part of the Devonian Kola alkaline province (Beard et al., 1996) . Those from the Arkhangelsk kimberlite province (Beard et al., 2000; Makhotkin et al., 2000) were obtained from drill core from the Grib kimberlite pipe. The local basement rocks of both areas belong to the late Archean Belomorian Mobile Belt, in close proximity to the early Proterozoic Lapland belt between the Kola composite terrane and Karelian craton (Fig. 1) .
The Kandalaksha dikes intrude migmatites of the Khetolambina nappe (Glebovitsky, 1997; Bibikova et al., 2004) . The basement of the Arkhangelsk area is covered by Neoproterozoic and Late Palaeozoic sediments. However, Samsonov et al. (2009) reported Proterozoic Nd model ages for basement rocks from boreholes in the central part of the Arkhangelsk province, and Archaean ages from the northern and southern parts.
Thermal ionization mass spectrometry (TIMS) analyses on single zircon grains from one Kola lower crustal granulite xenolith were reported by Vetrin & Nemchin (1998) and yielded an age of 1729 6 29 Ma. Zircons from two Kola xenoliths, previously studied for their petrology and geochemistry by Kempton et al. (1995 Kempton et al. ( , 2001 , were dated by Downes et al. (2002) by ion microprobe (NORDSIM); these gave ages of 2Á84 and 2Á47 Ga for magmatic zircons and 1Á77-1Á45 Ga for metamorphic ones. The oldest age (2Á84 Ga) comes from a single grain and was interpreted as inherited. The 2Á47 Ga value was compared with widespread early Proterozoic magmatism; thus the xenoliths could be the deepseated equivalents of large igneous province basalts. The ages around 1Á7 Ga were ascribed to migmatization and may be related to local emplacement of pegmatites. Vetrin et al. (2009) reported U-Pb zircon ages from 2788 to 261 Ma, the younger values clearly demonstrating contamination during zircon separation, being younger than the host magma age. Zircon data for four Grt-granulite xenoliths combined to give a cluster at 2788 6 35 Ma (two grains with concordant age), a cluster of discordant grains with an upper intercept at 2837 6 26 Ma, and a series of concordant ages from 1770 to 1440 Ma. Ages corresponding to the Lapland orogeny (1Á95-1Á80 Ga) are missing in the Kola xenoliths, but are preserved in those from Arkhangelsk (Koreshkova et al., 2014) . In general, these data show that careful investigation of zircon origin is necessary for correct interpretation of zircon ages in such xenoliths.
ANALYTICAL TECHNIQUES AND SAMPLES
For this study we selected five Grt-granulite xenoliths (Mk111, Mk260, Mk325, Mk326 and Mk523), a Grtwebsterite (Mk459), a Prg-Phl-eclogite (Mk284), two Phl-rich, Grt-bearing rocks (Mk172 and Mk540) and a PhlPrg-clinopyroxenite (Mk536) from Kola, and three Grtgranulites from Arkhangelsk (P5/354, 60/473 and 77/690). Abbreviations for rock-forming minerals are as follows: Cpx, clinopyroxene; Grt, garnet; Opx, orthopyroxene; Phl, phlogopite; Pl, plagioclase; Prg, pargasite; Qtz, quartz; Zrn, zircon; and others according to Kretz (1983) . We report new data for sample Mk111 [studied previously by Koreshkova et al. (2001) ]. The petrographic, mineralogical and zircon dating results for the Arkhangelsk samples were published by Koreshkova et al. (2014) .
Polished thin sections were used for petrographic descriptions, electron microprobe (EMP) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses. Modal mineralogy was estimated using an integration stage and 'ImageScope' software (Table 1) . Detailed descriptions of samples from the Kola Peninsula are given in Supplementary Data Electronic Appendix 1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). Bulk-rock analyses for major [X-ray fluorescence (XRF)] and trace elements (solution ICP-MS) were obtained at VSEGEI (St Petersburg) for the granulites and a Phl-GrtOpx rock Mk174, which is analogous to samples Mk540 from this study and 436-11 studied by Kempton et al. (2001) (Supplementary Data Electronic Appendix 2). Grtwebsterite Mk459 is similar to the samples described by Koreshkova et al. (2001) and Kempton et al. (2001) , respectively. Major element analyses of minerals were obtained using a JEOL 8100 Superprobe at Birkbeck/UCL. Data for the Kola samples are reported in Supplementary Data Electronic Appendices 3a and 3b. Data for the Arkhangelsk samples were previously published by Koreshkova et al. (2014) . Table 3 . Isotope analyses were carried out at NIGL using a Thermo Scientific Neptune Plus multicollector (MC)-ICP-MS system coupled to a New Wave Research UP193FX Excimer laser ablation system and a low-volume ablation cell. Bulk-rock Hf isotope data were obtained for five Kola Grt-granulites previously studied by Kempton et al. (1995 Kempton et al. ( , 2001 and are presented in Table 3 .
Sm-Nd and Rb-Sr isotope analyses were undertaken on whole-rock samples (Mk111, Mk260 and Mk284) and separated minerals (garnet, clinopyroxene, amphibole and mica) from the listed samples and 77/690 at the Institute of Precambrian Geology and Geochronology (St Petersburg). The data are reported in Supplementary Data Electronic Appendix 9.
Detailed descriptions of the analytical techniques used are given in Supplementary Data Electronic Appendix 10.
RESULTS

Petrography
Grt-granulite xenoliths from Kola have typical mediumto coarse-grained, foliated or banded structure and porphyroblastic texture. They contain garnet, clinopyroxene, plagioclase, and minor orthopyroxene, quartz, orthoclase, phlogopite, pargasite and scapolite (Table 1 ; Supplementary Data Electronic Appendix 1). The presence of orthopyroxene in Mk260 reflects its highmagnesium bulk-rock composition (13Á6 wt % MgO). Sample Mk459 is a metamorphic rock composed of garnet and two pyroxenes, and is termed Grt-websterite throughout the text. These Grt-websterites share many common features with the granulites. They are similar in texture, composition of minerals, P-T conditions of metamorphism and zircon age (see section 'Zircon ages and their significance'). Phl-rich eclogite Mk284 is a coarse-grained, foliated, porphyroblastic rock containing omphacite, pyrope, pargasite and phlogopite. However, the compositions of its constituent minerals do not differ significantly from those in the granulites. Samples of this type are uncommon and might represent fragments of lowermost crust or uppermost mantle. Phlogopite is in reaction relationship with clinopyroxene and shows a preferred orientation and deformation bands in all samples. Sometimes reaction relationships are obscured by superimposed deformation and recrystallization. Phlogopite also replaces garnet and orthopyroxene in sample Mk540, which is analogous to 436-11 studied by Kempton et al. (1995) . Sample Mk172 is small and unrepresentative, but similarities in garnet and zircon compositions indicate an affinity to Mk540 and other Phl-Grt-Opx rocks. This sample demonstrates an ultimate degree of replacement by phlogopite. Phl-clinopyroxenite Mk536 is a medium-grained, foliated, granoblastic rock. Its analogue was found in contact with granulite in a composite xenolith, which implies that these pyroxenites belong to the lower crustal assemblage. Like other samples, it shows signs of plastic deformation in the rockforming minerals.
Samples from Kola show minor alteration, unlike those from Arkhangelsk, which are strongly altered (Koreshkova et al., 2014) . The characteristics of the mineral compositions and zoning in garnet and pyroxenes from the Kola xenoliths are presented in Supplementary Data Electronic Appendix 5. We have included estimates of the P-T conditions for the Kola samples using the formulations of the Grt-Cpx geothermometer of Ravna (2000) , the Zr-in-rutile geothermometer of Watson et al. (2006) , the Grt-Pl-Cpx-Qtz geobarometer of Newton & Perkins (1982) for granulites and the Grt-Opx geobarometer of Nickel & Green (1985) [modified version by Taylor (1998) ] for pyroxenites in Table 1 . We consider that temperatures obtained from the Zr content in rutile reflect better the peak conditions at the time of formation of the mineral associations. The zoning in garnet and pyroxene grains (Supplementary Data Electronic Appendix 5 and section 'Mineral compositions and zoning') suggest that their cores could be out of equilibrium, whereas their rim compositions might correspond to equilibration during final cooling. Thermobarometric estimates demonstrate higher P-T conditions for the Kola samples (700-930 C, 1Á2-1Á5 GPa; Kempton et al., 1995;  
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Generally, the Grt-granulite Mk111 contains numerous pink zircons, which are rounded to polygonal and faceted. About 135 grains were mounted in three grain-mounts according to their size: 230-620 mm, 110-340 mm and 90-210 mm. Five major textural types were recognized in cathodoluminescence (CL): fir-tree sector-zoning, CL-dark polygonal sector-zoning, bright homogeneous, patchy, and convoluted overgrowths, which are responsible for the polygonal shape (Fig. 2a) . Patchy texture and polygonal and fir-tree sector-zoning are observed with equal frequency (about 30%) within grain cores. Bright homogeneous shells on the cores are mostly thin and discontinuous; completely homogeneous grains occur rarely (6%). About 40% of grains have convoluted overgrowths. Patchy texture represents disturbed textures of other types. It is probably caused by the development of darker in CL stripes and rims. The rims are better seen on homogeneous grains (Fig. 2a) .
CL-dark, sector-zoned cores are characterized by low Th/U (and high U), low REE contents and negative REE slopes (Fig. 3a) . Fir-tree zircons have much higher REE, Y and Th contents, relatively high Th/U (1Á6-3Á8), moderate heavy rare earth element (HREE) slopes (Yb N /Dy N ¼ 2Á1) and negative Eu anomalies (Fig. 4) Pb ages between 1931 and 1849 Ma, except for one grain with blurred zoning that gave a value of 1776 Ma (Fig. 5a ). (Fig. 5a ). Two grains with ages <1Á7 Ga form the fifth group. The five metamorphic zircon generations were formed in the course of distinct metamorphic events, as follows from the difference in zircon textures and compositions and inferred changes of mineral associations. Each subsequent event could cause a partial or complete resetting of the Th-U-Pb system in previously formed zircons, taking into account the high temperature of metamorphism and the evidence for multiple heating events. We suggest that the oldest age shown by zircon of one generation is the best approximation to the age of a metamorphic event. Consequently, CL-dark zircons with polygonal sector-zoning were formed at 2Á25 Ga or earlier, sector fir-tree zoned zircons formed at 1918 6 31 Ma, bright homogeneous zircons formed at 1859 6 13 Ma, and the convoluted overgrowths formed at 1759 6 18 Ma. Patchy zircons and CL-dark rims probably formed later but their age has not been established.
Grt-granulite Mk325
Six oval grains and grain fragments 40-130 mm in size were separated from this sample. Four of them exhibit blurred darker areas in CL, probably ghost cores, and broad homogeneous rims. The other two are patchy to homogeneous (Fig. 2d) . The two largest grains were dated by SHRIMP. In one of them, the core and the rim have been analyzed. These three spots show similar low U and Th contents, comparable with CL-bright homogeneous zircons from other samples, and yielded 207 Pb/ 206 Pb ages within the range 1545-1707 Ma. The concordia age for two spots is 1656 6 31 Ma (Fig. 5d ).
Grt-granulite Mk326
This sample contains large (300-600 mm and larger) grains, sector-zoned and CL-dark with coarse sectors, that were crushed into fragments, along with smaller (150-250 mm) polygonal grains having fir-tree sectorzoning in CL (Fig. 2c) . Both large and small grains have CL-bright homogeneous rims and embayments. The textural difference between sector-zoned and fir-tree sector-zoned grains is not as obvious as the difference in compositions. Sector-zoned domains are characterized by high Th, U, Y and REE contents, Yb N /Dy N ¼ 5Á6-7Á5 and negative Eu anomalies (Eu N /Eu N * ¼ 0Á6). Fir-tree zircons have lower contents of these elements, Yb N /Dy N ¼ 0Á6 and a small positive Eu anomaly (Eu N /Eu N *¼1Á1).
Bright homogeneous domains have moderate HREE concentrations and Yb N /Dy N ¼ 2Á1 (Fig. 3d) . Most zircons form two groups with concordant ages of 1771 6 18 Ma and 1640 6 11 Ma (Fig. 5c ). Two discordant spots within grain rims gave younger ages, to 1562 Ma, from Pb. The event that formed the homogeneous zircon should have caused resetting of older generations. We suggest that the major age group (1640 Ma) reflects this event. In this case, the age of older generations is not determined.
Grt-granulite Mk523
Over 30 grains 100-440 mm in size were separated from this sample. The grain shapes are irregular to polygonal or rounded. Larger grains have sector-zoning in CL and darker rims that repeat the grain outlines and do not erase the sector-zoning. Smaller grains have blurred sector-zoning that grades into a CL-bright homogeneous texture. Many of them have thick CL-dark rims (Fig.  2b ). One homogeneous grain has an inclusion of plagioclase (An 18 ), which is similar to the groundmass plagioclase (An 14 ).
Sector-zoned zircons have low HREE contents with a negative HREE slope (Yb N /Dy N ¼ 0Á5) and a negative Eu anomaly (Eu N /Eu N *¼0Á7) (Fig. 3b) . Homogeneous domains have almost half the Y and REE contents, but similar negative slopes of HREE and Eu anomalies in comparison with sector-zoned zircons. CL-dark rims are also similar to sector-zoned zircons but concentrations of REE and Y are higher by a factor of about 1Á5. Th and U contents are similar in all three generation; Th/U is about two ( Table 2) .
Five of the largest grains were dated including cores and rims. Six of nine spots gave a concordia age of 1740 6 16 Ma. One sector-zoned and one homogeneous domain show younger ages, to 1Á6 Ga; one CL-dark rim has an even younger age of $1Á3 Ga (Fig. 5e ).
Two-pyroxene Grt-granulite Mk260
Eight zircon grains were found in this sample. One of them preserved a tiny piece of garnet attached to it with a similar composition to garnet from the matrix. The grains are rounded to oval, 70-150 mm in size. They have CL-dark polygonal sector-zoned cores and CLbright sector-zoned to homogeneous rims (Fig. 2e) . The cores are U-rich with Th/U ¼ 0Á03-0Á25. They have weak positive HREE slopes and small negative Eu anomalies. Rims have shallower HREE slopes, negative Eu anomalies and lower U contents compared with the cores (Fig. 3c) (Fig. 5b) . However, the oldest and youngest ages belong to CL-bright rims. The 1Á81 Ga age is close to rim formation age, whereas cores were reset at this time and lost radiogenic Pb. The youngest value (1116 Ma) is highly discordant, so the age of this superimposed event cannot be determined.
Grt-websterite Mk459
One zircon grain was found in thin-section between garnet, clinopyroxene and rutile grains. It has sectorzoning in CL and a darker rim that repeats its outline (Fig. 2f) . This zircon has a negative HREE slope (Yb N / Dy N ¼ 0Á7) and a strong negative Eu anomaly (Eu N /Eu N * ¼ 0Á34) (Fig. 4a ). Three spots within the grain yielded 207 Pb/ 206 Pb ages from 1653 to 1700 Ma. Their concordia age is 1666 6 29 Ma (Fig. 5f ).
Eclogite Mk284
A large zircon grain (500 mm Â 300 mm) was found at a garnet-phlogopite boundary next to rutile, and small grains (50-150 mm) were found rimming large rutile grains. Zircon is bright and homogeneous in CL (Fig.  2j ). It is characterized by very low Th and U contents (8-17 ppm), low REE contents, negative HREE slope (Yb N / Dy N ¼ 0Á8) and a lack of Eu anomaly (Fig. 4b ). Seven 
Phl-Grt-Opx rock Mk540
Two polygonal zircon grains 400 mm Â 200 mm in size were found within a phlogopite grain. Zircon shows blurred sector-zoning and a narrow brighter rim in CL (Fig. 2i) . The U content is 220 ppm and Th/U ¼ 0Á42 on average, but it decreases to 0Á08 within CL-darker domains (Supplementary Data Electronic Appendices 6 and 7). CL-bright homogeneous rims have not been analyzed. Zircon shows a flat HREE pattern and a negative Eu anomaly (Fig. 4c) 
Grt-Phl rock Mk172
One polygonal grain 400 mm Â 100 mm in size was found within a phlogopite aggregate. It is almost homogeneous in CL with some very low contrast sectors ( Fig. 2h) and has low Th and high U (480 ppm) concentrations and Th/U ¼ 0Á06. HREE contents are very low with a negative slope (Yb N /Dy N ¼ 0Á6) and a negative Eu anomaly (Eu N /Eu N * ¼ 0Á6) (Fig. 4d) . Two spots gave a concordia age of 1659 6 19 Ma (Fig. 5h) .
Phl-clinopyroxenite Mk536
Five polygonal grains 200-500 mm in size were found along a phlogopite-clinopyroxene boundary. Pb ages from 1726 to 1661 Ma. Six of them gave a concordia age of 1640 6 11 Ma (Fig. 5j) .
Hf isotope composition of zircon and wholerocks Kola samples Grt-granulite Mk 111. The five zircon generations all show similar Hf isotope compositions (Table 3 ). The oldest CL-dark sector-zoned zircon has eHf(t) of -3Á9. The other grains of this generation plot on a Pb-loss trajectory drawn for the oldest one in an eHf(t) vs . This confirms that young ages obtained for three other CL-dark grains result from resetting. Fir-tree zircons (the second metamorphic zircon generation), formed at 1918 Ma, have eHf(t) from -9Á3 to -11Á3 and are only slightly more radiogenic than CL-dark zircons; however, the difference does not exceed 2 eHf units. (Sun & McDonough, 1989) . Arkh., Arkhangelsk; interm., intermediate shell; ovegr., overgrowth; wr, bulk-rock analysis; sector, sector-zoning; osc., oscillatory zoning; hom., homogeneous; CL-dark s., CL-dark sector-zoning; CL-br. s., CL-bright sector-zoning (ghost texture); fir-tree, fir-tree sector-zoning; conv., convoluted; CL-dark r, CL-dark outer rim; CA, concordia age.
CL-bright homogeneous grains yield eHf(t) from -11Á0 to -11Á7 at 1859 Ma. The overgrowths, patchy zircons and outer rims have eHf(t) from -15Á3 to -13Á1 at 1759Ma. Together with homogeneous zircons, they plot close to the Pb-loss trajectories for fir-tree zircons (Fig. 6 ). Grt-granulite Mk326. CL-dark sector-zoned first generation zircons formed at 1770 Ma or earlier have eHf(t) from -5Á4 to -6Á3 (Fig. 6, Table 3 ). Fir-tree sector-zoned second generation zircons with an age of 1640 Ma or older have eHf(t) from -10Á2 to -9Á2. Homogeneous zircon formed at 1640 Ma has a slightly more radiogenic Hf composition [eHf(t) ¼ -8Á4], but within 2 eHf units.
Grt-granulite Mk523. In all zircons, eHf(t) ranges from -7Á9 to -5Á9 at 1740 Ma (Fig. 6) . No difference in Hf isotope composition between CL-dark rims and sector-zoned cores has been detected; however, this may be due to the size of sampling area, which is comparable with the rim width and leads to mixed compositions.
Grt-websterite Mk459. A single spot has eHf(t) of -8Á1 at 1666 Ma (Fig. 6, Table 3 ).
Eclogite Mk284. Two spots do not differ in their Hf isotopic composition: eHf(t) is -13Á4 to -12Á2 at 1651 Ma. The grain rim spot plots close to a Pb-loss trajectory for the core (Fig. 6, Table 3 ).
Grt-Phl rock/glimmerite Mk172. Two spots within a single grain show the same eHf(t) of -15Á5 (average) at 1659 Ma (Fig. 6, Table 3 ).
Arkhangelsk samples
Grt-granulite 60/473. Most zircon grains have dark oscillatory-zoned cores and CL-bright homogeneous rims. Sector-zoned domains surrounded by oscillatory shells are observed in some cores. Sector-and oscillatory-zoned zircons having a concordia age of 2719 6 14 Ma show an average eHf(t) of -3Á3 6 1Á4. CLbright homogeneous rims have an age of 1805 6 26 Ma and an average eHf(t) of -22Á8 6 1Á8 (Fig. 6, Table 3 ). A regression line for all data points coincides with a Pbloss trajectory for spot 3.2 [with eHf(t) close to the average value for sector-and oscillatory-zoned zircons] on a plot of eHf(t) vs 207 Pb/
Pb age (Supplementary Data Electronic Appendix 8).
Grt-granulite P5/354. Three zircon generations occur in this sample: CL-dark sector-zoned cores, CL-bright homogeneous shells and darker convoluted overgrowths on them. The cores vary in composition and have been divided into HREE-rich and HREE-poor groups (Koreshkova et al., 2014) . Concordia ages of all zircons group at 1964 6 14 Ma and 1820 6 19 Ma. The younger value corresponds to the formation of overgrowths. The older one has been ascribed to a metamorphic event during which cores of different origin were equilibrated. The age of formation of homogeneous zircon is not well defined. The cores of both types have the same Hf isotopic composition [eHf(t) from -10Á7 to -9Á2 at 1964 Ma]. The overgrowths and homogeneous zircons show similar eHf(t) at 1820 Ma, varying from -14Á0 to -12Á2. Data points for homogeneous zircons and the overgrowths lie close to Pb-loss trajectories for sector-zoned cores (Fig. 6) .
Grt-granulite 77/690. Most zircon grains in this sample have CL-dark sector-zoned cores, CL-bright shells around them, and darker overgrowths with a convoluted texture. All of them yield the same age of 1836 6 15 Ma. Sector-zoned cores have eHf(t) from -24Á2 to -22Á4. Intermediate CL-bright shells have eHf(t) from -17Á7 to -13Á4. The scatter is due to some mixing, reflecting the sizes of zircon domains and sampling areas. The overgrowths yield eHf(t) from -10Á3 to -7Á6. These generations plot above each other in the eHf(t) vs 207 Pb/ 206 Pb age diagram (Fig. 6 ). Hence they have different sources and could not have been formed during the same event. We have suggested that cores and intermediate zones were completely reset during the formation of convoluted overgrowths (Koreshkova et al., 2014) and the Hf data confirm this interpretation.
Hf isotope composition of bulk-rocks
Hf bulk-rock analyses (Table 3 and Fig. 6 ) were made on five Grt-granulites previously studied by Kempton et al. (1995 Kempton et al. ( , 2001 Kempton et al. (2001) . The slope of the Grt-Cpx tie-line in eclogite Mk284 corresponds to an age of 1735 Ma (Supplementary Data Electronic Appendix 9). No leaching experiments were undertaken for this sample because of the small amount of material. The point for pargasite plots close to the line Grt-Cpx, whereas phlogopite lies significantly above it. In this sample, the minerals are not in Nd isotopic equilibrium. Secondary mineralization along cracks in phlogopite can also contribute to the apparent disequilibrium. However, in the Rb-Sr system, the minerals show a better approximation to an isochron relationship. The slope of the Cpx-Prg-Grt-Phl line corresponds to an age of 1304 6 63 Ma.
DISCUSSION
Mineral compositions and zoning
Most lower crustal xenoliths from both Kola and Arkhangelsk exhibit similar major element zoning patterns in garnet and pyroxene. Garnets show some increase in CaO content and decrease in Mg# from grain cores to rims. The profiles are convex-upward for Mg# and trough-like for Ca, with a flat central zone ( Fig.  7a and b) . Some samples (Mk260, Mk459, Mk540, 77/ 690) do not display any noticeable change of CaO content. Pyroxenes show increasing Mg# and decreasing Al 2 O 3 contents from core to rim. In Grt-granulites, zoning is stronger at garnet-pyroxene boundaries and much less developed at boundaries with plagioclase. We suggest that zoning in MgO and FeO in garnet and pyroxene and CaO in garnet was due to diffusional exchange during final cooling and was superimposed onto more or less homogeneous grains. Al in pyroxenes could preserve growth zoning, at least partially, because of its lower diffusion rate compared with Fe and Mg.
In contrast, garnet and clinopyroxene show significant zoning in REE and HFSE. Partitioning of these elements is strongly pressure-and temperaturedependent. Y and HREE contents in garnet decrease with increasing temperature (Rubatto & Hermann, 2007) . Sun & Liang (2015) have shown that D Grt/Cpx for REE decreases by up to two orders of magnitude as temperature decreases from 1300 to 700 C, whereas it increases by about one order of magnitude as pressure decreases from 14 to 2 GPa. D Grt/Cpx for Zr also depends significantly on pressure and temperature. Nehring et al. (2010) reported values of around 0Á2 for granulites from Central Finland for which peak metamorphic conditions are 800-950 C and 0Á9-1Á1 GPa; Zack et al. (1997) reported a value of 0Á86 for Grt-pyroxenite xenoliths equilibrated at 920 C and an assumed pressure of 1Á5 GPa; Rubatto & Hermann (2003) suggested a value of 2Á9 for an eclogite equilibrated at 600-620 C and 2 GPa; Klemme et al. (2002) experimentally determined a value of 4Á2 in synthetic eclogite at 1400 C and 3 GPa. REE diffusion rates in garnet and pyroxene are slower than those of divalent cations (Van Orman et al., 2001 . Y and HREE in garnets have similar diffusivities (Carlson, 2012; Bloch et al., 2015) , whereas those for Hf are significantly lower than for REE (Bloch et al., 2015) .
Garnets from the Kola and Arkhangelsk lower crustal xenoliths differ in HREE and Y zoning patterns. In the Arkhangelsk samples, garnets show a strong decrease in HREE and Y, comparable in magnitude with the zoning in Zr and Hf (Fig. 7e) . We have previously suggested (Koreshkova et al., 2014) (and our opinion remains the same) that the garnets from the Arkhangelsk Grtgranulites retained their growth zoning, as a result of Rayleigh distillation. These samples contain abundant zircon. Its formation prior to garnet determined the low Zr and Hf in the latter, but the concentrations decrease to one-third from cores to rims.
Most garnets and clinopyroxenes from the Kola lower crustal xenoliths exhibit significant zoning in only Zr and Hf. The contents of Y and HREE in garnets mostly decrease by c. 10% within an outer zone 100-500 mm wide ( Fig. 7c and d) . Patterns like these can be a result of either growth at relatively high temperature (combined effect of initial low Y and HREE contents, Rayleigh distillation and diffusional homogenization) or reequilibration at the onset of high temperature and slow cooling. The Zr contents in garnets decrease by half towards grain rims. We have observed a dependence of zoning magnitude on neighboring phases. In Grtgranulites, the difference in Zr content between the cores and rims of garnet and clinopyroxene grains is smaller when they are in contact with each other and stronger in contact with plagioclase. This is more consistent with re-equilibration. Further evidence for later diffusional homogenization is the composition of zircons from samples Mk326 (fir-tree) and Mk523 that should have coexisted with garnet with a lower HREE content (Yb N /Dy N < 0Á6) than those actually present in these samples (Yb N /Dy N ¼ 0Á8-1Á0). We suggest that the garnets were re-equilibrated at relatively high temperature, so that they have lost their initial growth zoning in Y and HREE, but partially preserved zoning in Zr and Hf because of the difference in the diffusivities of REE and Hf (Bloch et al., 2015) and the expected similar behavior of Zr and Hf. It would take about 30 Myr to eliminate zoning in Lu, but not in Hf, in a garnet grain with a radius of 850 mm at 900 C, which are the parameters corresponding to Grt-granulite Mk523 [using an expression t % 1Á11a 2 /D, where t is time in seconds, a is grain radius in centimeters, and D is diffusion coefficient; diffusivities of Lu and Hf are from Bloch et al. (2015) ].
As a first approximation, we can take the Zr contents of garnets and clinopyroxenes unaffected by later reequilibration. In our samples, D Grt/Cpx of Zr varies mostly within the range 0Á1-0Á3, being higher in grain cores and lower in rims. The Arkhangelsk samples show slightly lower values (0Á1-0Á2) than those from Kola (0Á1-0Á5). The highest values of 0Á4-0Á5 are from Grt-websterite Mk459 and Phl-eclogite Mk284 (Fig. 8a) . This distribution is consistent with P-T estimates for xenoliths from Kola and Arkhangelsk, which are similar to those for granulites from Finland (Nehring et al., 2010) , but with a higher pressure for some Kola xenoliths. Covariations of Zr contents in garnet, clinopyroxene and rutile suggest their equilibrium (Fig. 8b and c) , except for rutile from Mk284. In this sample, rutile with low Zr content is rimmed by small zircon grains that could have been formed later than the closure of diffusional exchange with garnet and clinopyroxene. In summary, zoning in Zr, Hf, Y, HREE, Al, Ca and Mg# in garnets and clinopyroxenes reflects different stages of their existence: growth, homogenization, and diffusional exchange during final cooling.
Growth under increasing temperature can explain the decrease of Y and HREE from cores to rims in garnets, but it should be accompanied by increasing Ti, Zr and Hf contents. This is probably the case for eclogite Mk284, where intermediate zones of garnet grains show strong increases in the contents of these elements (Fig. 7f) . The size of clinopyroxene grains is smaller than that of garnets. From D Zr Grt/Cpx , it is probable that Cpx cores coexisted with garnet intermediate zones (Fig. 8a) . The source of Ti, Zr and Hf was dissolution of zircon and rutile.
To consider zircon-garnet equilibrium in Grt-granulites, we have used experimentally determined D Zrn/Grt for REE and Y (Rubatto & Hermann, 2007) . Grt-granulites are suggested to have experienced partial melting; thus zircon and garnet could have been in equilibrium with a silicarich melt. Only the youngest zircon generations from samples Mk111 (overgrowths) and Mk326 (homogeneous rims) match the calculated composition of zircon in equilibrium with garnet present in the rock (Table 2, Fig. 3 ). Other zircon generations from these samples and zircons from samples Mk260 and Mk523 could have equilibrated with garnet, but of a different composition, having either higher or lower HREE contents.
Pargasite should have Zr and Hf contents equal to those of clinopyroxene (Nehring et al., 2010) but, in our samples, it has only half of the concentrations and contains numerous inclusions of rutile formed by exsolution. In the Kola samples, rutile often shows zircon exsolution. Consequently, Zr could be released from rutile and pargasite during a retrograde metamorphic event or slow cooling.
Phlogopites in Mk540 and Mk172 have higher Nb, Ta and REE contents than those from Grt-granulite Mk326 and eclogite Mk284. In Mk540 and Mk172, phlogopites have also much higher Zr and Hf contents than in Mk326, Mk284 and clinopyroxenite Mk536. This suggests that these phlogopites were not equilibrated with rutile and zircon; hence they are a later addition to the rocks.
Hf isotopes and sources and mechanisms of zircon formation
Magmatic zircons in Grt-granulite 60/473 show two generations: sector-zoned cores and oscillatory overgrowths with 207 Pb/ 206 Pb ages from 1948 to 2746 Ma (Koreshkova et al., 2014) . Hf isotopes confirm that the younger ages are due to Pb loss and partial resetting during a 1Á8 Ga metamorphic event. The difference in age between the two generations has not been resolved. Sector-and oscillatory-zoned zircons do not differ in their Hf isotopic composition. These two generations hence could have crystallized from a similar source and close in time. Their REE contents do not contradict crystallization from a melt with a composition corresponding to this sample (Koreshkova et al., 2014) . Their eHf values (-4 to -1) suggest formation from an enriched source or resetting of older zircons that originated from melts of depleted mantle. The parental melt had an Hf isotopic composition similar to the protoliths of the Kola Grt-granulites (Fig. 6 ).
Recrystallization and exsolution
In Grt-granulite 60/473, CL-bright homogeneous rims have the least radiogenic Hf among the samples [eHf(t) ¼ -24 to -23]. Their Hf isotopic composition does not differ from that of magmatic cores (Fig. 6) . Previously, we suggested that homogeneous zircon was formed by recrystallization of earlier magmatic zircon (Koreshkova et al., 2014) . Recrystallization proceeds by grainboundary and defect migration, as discussed by Hoskin & Schaltegger (2003) . In this process, U, Th, Pb, REE and Y are variously removed from the zircon lattice, but not Hf, and no growth of new zircon occurs; thus zircon yields the U-Pb age of metamorphism and the Hf isotopic composition of its precursor. In sample 60/473, Hf data are consistent with the rims being formed by recrystallization of ancient magmatic zircons.
Homogeneous, CL-bright, Th-and U-poor zircons were also formed as rims or whole grains in samples Mk523, Mk326, Mk284, Mk111 and P5/354. In each case, the zircons do not differ from previous zircon generations in terms of Hf isotopes (except for Mk284, where zircon is a single generation). In Mk523 and Mk326, they are the latest generations formed after metamorphic zircons having the most radiogenic Hf with eHf(t) ¼ -8 to -6. In Mk111 and P5/354, homogeneous zircons were formed after metamorphic zircons older than in Mk523 and Mk326, and show intermediate eHf(t) values (-13 to -11) at 1Á86 Ga (Fig. 6) . We suggest that these zircons are also recrystallized. The Hf isotopic composition of zircons from P5/354 is consistent with our previous conclusion that dark sector-zoned cores are metamorphic and bright, homogeneous zircon domains were formed by recrystallization of the cores. Our new data also demonstrate that the CL-bright sector-zoning is a ghost texture, owing to incomplete recrystallization. In these zircons, REE and Y contents vary from sample to sample. They are mostly lower than in their precursor zircons, but Grt-granulite Mk326 provides an example of higher concentrations of HREE and Y in homogeneous zircon in comparison with the previous zircon generation. We infer that the REE contents in recrystallized zircons, as in subsolidus-grown ones, could depend on the conditions of equilibration.
Structureless BSE or CL rims, which do not differ in their Hf isotopic composition from cores, have been reported by Zheng et al. (2004) for zircons from lower crustal granulite xenoliths from China. Those researchers concluded that the rims were formed by recrystallization of older zircons based on Hf data. Vavra et al. (1999) and Harley & Kelly (2007) have related the formation of CLbright homogeneous rims and domains in zircons to interaction with a fluid. We have no evidence for the presence of fluid, such as porosity or corroded surfaces, but after zircon formation the rocks were still under granulitefacies conditions and fluid interaction features (if any) may have been lost. However, more important is that these recrystallized CL-bright homogeneous zircons were formed from their precursors without addition of new material; that is, no zircon-producing reaction and, probably, no major change of mineral association occurred.
CL-dark outer rims of the last zircon generations from samples Mk111, Mk523 and Mk459 developed on different zircon types and show ghost textures. They could also have been formed by recrystallization. The rims exhibit an enrichment in REE and Th, as seen in rims developed on CL-bright homogeneous zircon from Mk111. Recrystallization proceeds by defect migration (Hoskin & Schaltegger, 2003) that may help zircon adjust its composition to changing ambient conditions. Reddy et al. (2006) documented enhanced diffusion of REE during dislocation creep in zircon. As a suggestion, variable removal or enrichment in Th, U and REE in recrystallized zircons could depend on conditions of equilibration and changes in matrix composition.
In zircon from eclogite Mk284, the Hf isotopic composition [eHf(t) ¼ -13 at 1Á65 Ga] is similar to that of zircons from the granulites, which implies that it is not a later addition from a mantle source. Zoning of garnet from Mk284 records a high-temperature event (Fig. 7) when zircon could have been dissolved. From the distribution of Zr between garnet, clinopyroxene and rutile, it follows that zircon could have been formed by exsolution from rutile, later than the formation of garnet rims (Fig.  8) . This zircon could have equilibrated with garnet (Fig.  4b) . Therefore, this zircon might indicate a retrograde metamorphic event or slow cooling. In this sample, we cannot distinguish between the different possibilities of zircon formation such as subsolidus growth owing to a reaction involving rock-forming minerals, exsolution from rutile or recrystallization. The Hf isotope composition does not contradict any of these possibilities.
Subsolidus zircon growth
Sector-zoned and convoluted zircons formed by subsolidus growth have eHf(t) varying from -24 to -4 (Fig. 6) .
First zircon generations from samples P5/354 and Mk111 (CL-dark sector-zoned zircons) are suggested to have coexisted with garnet that had low HREE contents (see section 'Mineral compositions and zoning'). These are the oldest metamorphic zircons in the sample suite. In Mk111, eHf(t) was -4 at 2Á25 Ga (Supplementary Data Electronic Appendix 8). In P5/354, eHf(t) was -9 to -11 at 1Á96 Ga. The sources of these zircons had Hf isotopic compositions similar to those of bulk-rock samples from Kola.
The second zircon generation from Mk111 (fir-tree sector-zoned zircon) differs significantly from the first one in its REE composition, but is similar in Hf isotopic composition (Supplementary Data Electronic Appendix 8). The youngest zircon generations from samples P5/ 354 and Mk111 (overgrowths with convoluted texture) also have Hf compositions that do not differ from older generations (within 2 eHf units) (Fig. 6) . These zircons grew in equilibrium with garnet; however, their precursors were also formed in the presence of garnet but of a different composition, as follows from previous discussions in the section 'Mineral compositions and zoning'. Similarly, in Grt-granulite Mk326, the second generation (fir-tree sector-zoned zircon), which indicates the appearance of garnet in this rock, has the same Hf isotopic composition as older zircon, which formed in the absence of garnet. The source material for these zircons should have very low Lu/Hf, such as found in zircon and rutile or in minerals equilibrated with garnet, and thus have low Lu, such as pargasite and diopside. These minerals should retain the Hf isotopic composition from the earlier metamorphic stage when they crystallized to provide non-radiogenic Hf for a newly formed zircon. Earlier-formed garnet could not have been involved in the zircon-producing reaction; otherwise it would have supplied radiogenic Hf. The possibility of radiogenic Hf being supplied by garnet has been demonstrated by Slá ma et al. (2007) for amphibole, orthopyroxene and, possibly, zircon formed during a garnet decompression reaction. Dissolution of older zircon and reprecipitation, with the formation of a new zircon generation with the same Hf isotopic composition, has been proposed for zircons from granulite-facies metapelites of the IvreaVerbano zone (Ewing et al., 2014) . Rutile often shows zircon exsolution in lower crustal xenoliths (e.g. Schmitz & Bowring, 2003) . Rutile can retain its Hf isotopic composition from the time of its formation (Ewing et al., 2014) .
In most samples in the suite, clinopyroxene is one of major Zr-and Hf-bearing phases (it contains 40-60 wt % of the whole-rock budget of Zr and Hf, except for Grtgranulite P5/354). In P5/354, the most plausible sources of Zr for the overgrowths are rutile and pre-existing zircon, because this metasedimentary rock probably was never clinopyroxene-or amphibole-rich. These overgrowths have been suggested to date a partial melting event with garnet in the residue (Koreshkova et al., 2014) . We suggest the same source for the second generation (fir-tree sector-zoned zircon) from Mk326 because there was no earlier-formed garnet. For the second zircon generation from Mk111 (fir-tree sectorzoned zircon), the source could be clinopyroxene, pargasite, rutile or previous zircon, provided that garnet formed earlier was not involved in the zircon-producing reactions. The fourth zircon generation in Mk111 (convoluted overgrowths) could have no phases formed at previous metamorphic stages as the source of Zr, except for zircon itself. This is illustrated schematically on the 176 Hf/ 177 Hf vs time plot for Mk111 (Fig. 9a) . In zircon from Grt-Phl rock Mk172, the Hf isotopic composition [eHf(t) ¼ -15 at 1Á65 Ga] is similar to that of zircons from the granulites, which implies that it is not a later addition from a mantle source. This zircon might be formed by subsolidus growth in the presence of garnet under high-pressure-high-temperature conditions.
Most radiogenic [eHf(t) ¼ -10 to -5] zircons are from samples Mk523, Mk459, Mk326 and the latest of the three generations from sample 77/690 (Fig. 6 ). In the last case, the overgrowths probably formed at the beginning of garnet growth via garnet-forming reactions such as Hbl þ Pl þ Qtz ¼ Grt þ Cpx þ liquid or vapour (Koreshkova et al., 2014) . In Mk326, the first generation of sector-zoned zircon should also have been formed before garnet appeared in the rock, according to its high HREE contents and Yb N /Gd N ratio. Zircons from samples Mk523 and Mk459 grew in the presence of garnet, as follows from their low HREE. However, garnet in equilibrium with zircon in Mk523 should have lower HREE contents and Yb N /Gd N than the measured values (see above, Table 2 ). This can be explained by a change of garnet composition from low HREE (formed at high temperature or strongly zoned as in 60/473) towards the observed composition. The partition coefficients might not apply to Grt-pyroxenite Mk459, but we think the situation is similar. Hence in samples Mk523 and Mk459, garnet was either formed together with zircon or was present in earlier mineral associations, but it must have been involved in zircon-producing reactions to supply radiogenic Hf. In other words, it did not hold the radiogenic Hf that it extracted from the source of the zircon. Probably, garnet and zircon grew together, and zircon equilibrated garnet that had low HREE. Later, during a high-temperature event or slow cooling, the garnet reequilibrated and attained its present composition. In summary, for zircons with radiogenic Hf isotope compositions, the source of the zircon could be the rock as a whole, in which the Hf isotopic composition evolved with time.
We suggest a similar origin for CL-bright intermediate zones from Grt-granulite 77/690 that represent a subsolidus zircon generation younger than the cores and older than the overgrowths, but reset during the formation of the overgrowths (Fig. 6 ). Zircon cores from 77/690 differ from all other sub-solidus zircons in having a non-radiogenic Hf isotopic composition similar to that of the magmatic and recrystallized zircons from Grt- granulite 60/473 (Fig. 6) . The cores were reset during the granulite-facies event at 1836 Ma (Fig. 9b) . They could have originated by dissolution and reprecipitation of Archaean magmatic zircons, otherwise they represent ancient magmatic zircons with modified textures.
Zircon ages and their significance
The age data for the metamorphic zircons can be divided into five groups: >1Á91 Ga, 1Á81-1Á86 Ga, 1Á74-1Á77 Ga, 1Á64-1Á67 Ga and <1Á6 Ga. The relationship of the zircons to their present-day mineral associations is summarized in Fig. 10 .
First group
The first group comprises zircon cores from Grtgranulites Mk111, Mk260 and P5/354. The oldest zircon in the group is CL-dark sector-zoned zircon from Mk111 that equilibrated with garnet at high temperature and hence provides evidence of a >2Á2 Ga, pre-LaplandKola, metamorphic event.
Other zircon ages from this group correlate with metamorphic events superimposed onto the rocks of the Belomorian Belt during Lapland granulite belt formation: arc magmatism and metamorphism starting from 1Á98 Ga, collision of island arcs with the continent at $1Á95-1Á93 Ga and the main collision of juvenile rock complexes and the Karelian craton at 1Á93-1Á90 Ga (Mintz et al., 1996; Daly et al., 2001 Daly et al., , 2006 Glebovitskii et al., 2009; Tuisku et al., 2012) . In P5/354, the oldest age group (1964 6 14 Ma) comprises zircons having significantly different compositions: low HREE þ low Th/U versus high HREE þ moderate Th/U. These zircons were formed in the presence and in the absence of garnet, respectively. This means that either one of the compositional varieties was reset and the other one was formed during the metamorphic event, or both of them were reset and hence they are inherited and came from preexisting metamorphic rocks. However, all these zircons have the same Hf isotopic composition. We suggest that one of these varieties was formed by dissolution and reprecipitation of the other. The composition of the next zircon generation points to the coexistence with earlier-formed garnet. Thus, this age group dates a granulite-facies event when garnet and low-HREE zircon were formed.
The second zircon generation (fir-tree) in Mk111 was formed at 1918 Ma. Orthopyroxene inclusions and a strong negative Eu anomaly in this zircon indicate the presence of plagioclase and orthopyroxene in the mineral association at this time. Garnet could have been present, as follows from the moderate HREE slope in this zircon. If garnet were present, it would have differed in composition from those that coexisted with previous sector-zoned zircon and the next generation, and the garnet-zircon pair could have been formed under much lower temperature conditions than their precursors. This zircon dates the formation of the OpxPl 6 Grt-bearing association (distinct from the preexisting one).
Zircon cores from Mk260 are suggested to be no younger than 1905 Ma. Their small Eu anomalies indicate that plagioclase was not abundant at this time. The mineral association was different from the present one because of the significant difference in composition between this and the next zircon generation. The association probably corresponded to a Grt-websterite, taking into account the bulk-rock composition.
Second group
In the second group, recrystallized zircons from Grtgranulites Mk111 (1859 6 13 Ma) and 60/473 (1805 6 26 Ma) and overgrowths from Mk260 (1810 6 60 Ma), P5/354 (1820 6 19 Ma) and 77/690 (1836 6 15 Ma) are present. Their ages correspond to the youngest collisional amphibolite-facies event in the upper crustal rocks (Bibikova et al., 2001 (Bibikova et al., , 2004 . Recrystallized zircons date the onset of high temperatures that triggered diffusional exchange of the zircons with their environment. The zircons differ in REE composition from sample to sample, which points to different formation conditions. In 60/473, the zircon could be in equilibrium with garnet at about 800 C (Koreshkova et al., 2014) , whereas in Mk326, the temperature could be about 900 C (Fig. 3d) . The overgrowths in P5/354 were in equilibrium with garnet cores at 950-1000 C (Koreshkova et al., 2014) and were formed by dissolution and precipitation of older zircons according to their Hf isotope composition. Partial melting is suggested from the plausible reaction of biotite and quartz, with garnet in the residue. In this case, the overgrowths could have crystallized from a small-volume partial melt. The overgrowths in Mk260 were formed at a similar temperature in the presence of garnet. In 77/690, the overgrowths were formed in the course of the garnet-producing reaction (Koreshkova et al., 2014) involving all phases. In general, the overgrowths in these samples date a major change in mineral associations including partial melting.
Third group
The third group includes the overgrowths from Mk111 (1759 6 18 Ma) and sector-zoned zircons from Mk523 (1740 6 16 Ma) and Mk540 (1759 6 10 Ma). In Mk111, the overgrowths were formed at 950 C according to our calculations (Fig. 3a, Table 2 ), during the formation of the present mineral association. This zircon could have formed from clinopyroxene, pargasite or rutile, composing the association of the previous metamorphic stage, and/or by dissolution-reprecipitation of previously existing zircon. Small Eu anomalies in Zrn and Grt can reflect a decrease in Pl abundance, possibly during a Grt-forming reaction (such as Cpx þ Pl ! Grt þ Qtz). Zircon from Mk523 grew in the presence of garnet, with the whole-rock as its source. In Mk540, zircon and garnet have similar HREE slopes and Eu anomalies (Fig. 4c) and could have been formed together. We suggest that the zircons from this group date a granulite-facies event in the lower crust that coincided with pegmatite formation in the regional upper crust (Bibikova et al., 2001 (Bibikova et al., , 2004 and post-collisional granite emplacement in the northwestern part of the Lapland belt (Daly et al., 2006) .
Fourth group
The fourth group contains recrystallized zircons from Grt-granulites Mk326 (1640 6 11 Ma) and Mk325 (1659 6 31 Ma) and sector-zoned zircons from samples Mk459 (1666 6 29 Ma), Mk172 (1659 6 19 Ma) and Mk536 (1640 6 11 Ma). In Grt-granulite Mk326, homogeneous zircon was formed by recrystallization and equilibrated with garnet at 900 C, and hence dates the onset of high temperature for the mineral association. We suggest that the same is true for Mk325. Zircon from Grt-websterite Mk459 possibly formed during the garnet-producing reaction and in the presence of plagioclase, as follows from its negative Eu anomaly. This explains its radiogenic Hf isotope composition. However, a later change of garnet composition suggests that the zircon age may reflect partial resetting. In clinopyroxenite Mk536, zircon has a texture and composition similar to that of magmatic zircon and plausibly dates the formation of this rock. We suggest that two samples from this group (Mk326 and Mk536) contain zircons that have been formed in this time interval. This event of zircon formation and resetting significantly postdates Lapland-Kola events in the regional upper crust and may be related to the onset of Mesoproterozoic rifting in the East European plate (Bogdanova et al., 2008) .
Fifth group
The fifth group comprises single grains from samples Mk111, Mk523 and Mk540 and CL-bright homogeneous zircon from eclogite Mk284. Their 207 Pb/ 206 Pb ages vary from 1599 to 1255 Ma. Most of them are reset zircons of older generations. The youngest values belong to the CL-dark outer rim from Grt-granulite Mk523 (1348 Ma) and peripheral area of the large grain from eclogite Mk284 (1255 Ma). U-Pb zircon dating and Rb-Sr data for Mk284 suggest that its mineral association was formed not later than 1Á3 Ga. We suggest that around this time an event reset some zircon grains and activated diffusion, which led to the formation of CL-darker rims in samples Mk111 and Mk523. However, this assumed event is younger than the Sm-Nd ages of GrtCpx pairs from our samples (Supplementary Data Electronic Appendix 9).
We suggest that Sm-Nd ages of Grt-Cpx pairs correspond to the time when the closure temperature of Sm and Nd isotope exchange was achieved in these minerals at 1Á54-1Á61 Ga, within both the Arkhangelsk and Kola parts of the Belomorian Mobile Belt. If we assume that the peak temperature during the last granulitefacies event at 1640 Ma (U-Pb zircon age) was c. 900
C, and at 1560 Ma (Sm-Nd age of Grt-Cpx pair from Mk111) the temperature was around 600 C, which is close to an average value for grain rims (Table 1) , then the cooling rate was about 4 Ma -1 . The closure temperature (Dodson, 1973) of Sm diffusion in a Grt grain with a radius of 1-3 mm, using diffusivities from Tirone et al. (2005) , would be 570-630 C. Zircons from phlogopite-rich rocks do not directly date the timing of phlogopite appearance. In Mk540, zircon predates its introduction. In Mk284, zircon postdates phlogopite, whereas zircon from Mk172, which is similar to Mk540, could have been reset. Probably only clinopyroxenite Mk536 contains zircon formed during the crystallization of this phlogopite-bearing rock. If there was a single event of phlogopite introduction, we can take its age as c. 1Á64 Ga. However, there might not have been a single event, but several events. Kempton et al. (2001) argued, based on Ar-Ar dating of phlogopite, that it was formed at about 2Á1 Ga. Peltonen et al. (2006) obtained both Archean and Proterozoic ages in zircons from granulite xenoliths from eastern Finland. They argued that the lower crust of the Karelian craton is composed partially of Archean rocks reworked during the Svecofennian orogeny. However, they also found 'post-orogenic' zircons with ages of around 1Á7 Ga for which no events are known in the upper crust. On the northeastern boundary of the Karelian craton, later pegmatite intrusions occurred at 1Á75 Ga; the latest event was the intrusion of the ultrapotassic minettes of Porja Guba at 1720 6 8 Ma (Nikitina et al., 1999) . We suggest that deep-seated rocks were affected by the Mesoproterozoic rifting more significantly than the upper crustal rocks (possibly by mantlederived fluids).
The present-day garnet-granulite association was formed at 1Á83 Ga in the Arkhangelsk xenoliths and 1Á74-1Á76 Ga in most Kola xenoliths. Nevertheless, samples Mk111 and Mk260 have zircons formed earlier, in granulite-facies conditions. We conclude that, by the end of the Lapland-Kola orogeny, the rocks were already assembled together in the lower crust and metamorphosed under granulite-facies conditions.
The protoliths of most xenoliths could be Archean, but this does not mean that they were already present in the lower crust. These Archean zircons have steep HREE slopes and could have crystallized from magmas at low pressure. However, preservation of pre-LaplandKola granulite-facies zircon in Mk111 suggests that some samples represent an older lower crust. The composition of the first zircon generation in Mk326 resembles that of magmatic zircon. If it is magmatic, the protolith of this xenolith is not older than 2Á41 Ga and is the youngest addition to the 2Á7-3Á4 Ga suite.
CONCLUSIONS
Metamorphic zircons from lower crustal mafic granulite and pyroxenite xenoliths from NW Russia have highly variable eHf(t) values from -25 to -4. The least radiogenic are zircons that formed by recrystallization of primary magmatic Archean zircons (present in grain cores) and that retained their Hf isotopic composition. The source of those zircons with the most radiogenic Hf [eHf(t) from -10 to -4] was the host-rock as a whole. These zircons grew before garnet or were contemporaneous with its formation. In some samples, garnet could have been present in earlier mineral associations but it must have been involved in zircon-producing reactions to supply radiogenic Hf. Zircons with less radiogenic Hf compositions [eHf(t) from -15 to -9] were formed by recrystallization of pre-existing metamorphic zircons or by subsolidus growth in the presence of garnet, or by exsolution from rutile. They inherited their Hf isotopic composition from clinopyroxene, pargasite, rutile and earlier-formed zircon equilibrated with garnet. Subsolidus zircons grew in response to a major change in mineral association; that is, garnet-and zirconproducing reactions including small-volume partial melting. CL-bright homogeneous recrystallized zircons date the onset of high temperatures that triggered diffusional exchange of zircon with its environment.
Most zircons preserved a record of only the latest metamorphic events. The exceptions are Grt-granulites 60/473 from Arkhangelsk and 16/89 from Kola (Downes et al., 2002) , which retained Archean magmatic zircons. We suggest that Arkhangelsk zircons are derived from the protolith, rather than being inherited. Their eHf values (-4 to -1 at 2Á72-2Á74 Ga) suggest formation from an enriched source or resetting of older zircons that originated from melts from the depleted mantle. The parental melt had a Hf isotopic composition similar to that of the protoliths of Grt-granulites from Kola.
Age data for metamorphic zircons can be divided into five groups: >1Á91 Ga, 1Á81-1Á86 Ga, 1Á74-1Á77 Ga, 1Á64-1Á67 Ga and <1Á6 Ga. The oldest is CL-dark sectorzoned zircon from Grt-granulite Mk111 that was equilibrated with garnet at high temperature and hence is evidence of a >2Á2 Ga, pre-Lapland-Kola, metamorphic event. The age ranges of 1Á92-1Á94, 1Á81-1Á86 and 1Á74-1Á77 Ga correlate with Lapland-Kola metamorphic events in the regional upper crust. These zircons date granulite-facies metamorphic events in the lower crust. Zircon formation and resetting at 1Á64-1Á67 Ga significantly postdates the Lapland-Kola events and may be related to the onset of rifting in the Late Paleoproterozoic. Cooling began after this, as seen from Sm-Nd data. The youngest ages (1Á6-1Á3 Ga) correspond to an event or events that affected only few grains in some samples. A possible explanation is interaction with a localized fluid.
The present-day garnet-granulite association was formed at 1Á83 Ga in the Arkhangelsk xenoliths and at 1Á74-1Á76 Ga in most Kola xenoliths. Nevertheless, some samples (Mk111, Mk260 and P5/354) have zircons formed earlier in a granulite-facies environment. We conclude that by the end of the Lapland-Kola orogeny the rocks were already assembled together in the lower crust and metamorphosed under granulite-facies conditions. However, no addition of juvenile material younger than 2Á4 Ga has been detected. Preservation of pre-Lapland-Kola granulite-facies zircon in Mk111 suggests that some samples represent an older lower crust. Granulites, pyroxenites and Phl-rich rocks have had a common metamorphic history since at least c. 1Á75 Ga. At about 1Á64 Ga metasomatic introduction of phlogopite took place; however, there could have been several earlier phlogopite-forming events.
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